Abstract. Resistances of mechanical systems are primarily dependent on material properties, geometry and uncertainties associated to an applied resistance model. While materials and geometry can be relatively well described, the resistance model uncertainty is not yet well understood. The present contribution proposes a general concept of the model uncertainty. Factors affecting results obtained by tests and models and influences of actual structural conditions are overviewed. Application of theoretical principles is illustrated by an example of historic iron columns considering a simple mechanical model. Proposed probabilistic description of the model uncertainty consists of the lognormal distribution having the mean 1.35 and coefficient of variation of 0.12.
Introduction
Resistances of engineering systems can be described by an appropriate mechanical model including due account for randomness of material properties, geometry variables and uncertainties associated with the mechanical model. The effect of variability of materials and geometry is relatively well understood. However, better description of model uncertainties is still desired. This paper is thus aimed at the model uncertainties. A general concept is proposed and selected influencing factors are illustrated by examples concerning resistance of historic iron columns. Statistical characteristics of the model uncertainties are summarized from available data considering a simple engineering formula and estimate of the measurement error.
Model Uncertainty
General concept. The model uncertainty is generally a random variable accounting for effects neglected in mechanical models and simplifications in mathematical relations [1] . Model uncertainties can be related to:
-Resistance models (based on simplified relationships or complex numerical models), -Models for action effects (assessment of load effects and their combinations). The model uncertainty can be obtained from comparisons of physical tests and model results. Actual structural conditions not covered by tests should be taken into account if needed. Obviously the model uncertainty should be associated with a computational model under consideration. General concepts of model uncertainty applicable to both resistance and load effect models are indicated in Fig. 1 . The significance of factors affecting tests, model results and actual structural conditions depends substantially on an analysed structural member.
Factors affecting the uncertainty related to resistance models. Examples of factors affecting the uncertainty related to resistance models are given in Table 1 . Similar list could be provided for load effect models. However, only resistance models are addressed hereafter.
In general the following aspects should be considered in the assessment of the model uncertainty: -Test conditions should be correctly defined and test results properly evaluated.
-The uncertainty of a resistance model is dependent on the failure definition (maximum load, strain, deflection, crack width etc.). Here it is assumed that the maximum load is to be estimated by a model. Larger variability of the model uncertainty is anticipated for other failure criteria.
-It should always be assured that a specimen fails in an investigated failure mode; e.g. when the model uncertainty in shear is investigated, beams failed in bending should not be considered. Assessment. In this study the model uncertainty θ is considered to be a random variable. The multiplicative relationship for θ is assumed [1] :
where R = response of a structure -actual resistance estimated from test results and structural conditions; R model = model resistance -estimate of the resistance based on a mechanical model; and
Realistically assuming a lognormal distribution with the origin at zero (hereafter simply "lognormal distribution") for R and R model (•), the model uncertainty is also lognormal. Its characteristics can be assessed using the procedure provided in a recent European document - [1] . In more advanced analyses the model uncertainty may be represented by functions of several auxiliary random variables θ and variables X as considered e.g. in [2] . A due care should be always given to a possible statistical correlation between the model uncertainty and the basic variables since the model uncertainty in general depends on basic variables. Influence of individual variables on θ can be assessed by a regression analysis [3] . It is also indicated that the model describes well the essential dependency of R on X only if the model uncertainty: -Has either a suitably small coefficient of variation (how small is the question of the practical importance of the accuracy of the model) or -Is statistically independent of the basic variables. It may also be important to define ranges of the input parameters X for which the accepted model uncertainty is valid. Such intervals should be established on the basis of:
-Admissible ranges of X for the model (for instance limits on a reinforcement ratio) and -Simplifications in modelling of θ (for instance when θ can be considered independent of the basic variable in a specified interval).
Model Uncertainty Methodology
The main properties of uncertainties in resistance models can be treated in the following steps, starting off from the resistance model and model uncertainty observations, ending up at a reliability function on which the design function is based:
1) The database of observations or test results, including all test parameters required for repeating of the tests and calculating the resistance by the model under investigation forms the basis of model uncertainty assessment.
2) The range of parameters for the dataset, such as material strength classes or geometry, defines the range of strict applicability of the derived model uncertainty.
3) Statistical treatment of model uncertainty observations includes proof of unbiased sampling and goodness of fit tests. 4) Deviations from such statistical treatment of model uncertainty observations introduce uncertainties which should be accounted for. 5) Additional uncertainties are introduced when the model uncertainty derived from experiment is applied to the design function as expressed in terms of the resistance model and related design rules.
6) Derivation of a generic model uncertainty for a given failure mode and design function includes provision for additional uncertainties resulting from the scope of application allowed by the procedure, such as structural and material classes, geometry and detailing rules.
Examples of this process were given in [4, 5] .
Illustrative Example -Resistance of Iron Columns
Accepted model. The numerical part of the paper is focused on the uncertainties related to a resistance model for historic cast iron columns. A simple Rankine-Gordon formula, commonly used for the design of cast iron columns in the 19 th century, is accepted to clarify basic steps of the uncertainty assessment rather than describe details of a complex model (for more advanced models see e.g. [6] [7] [8] ). The ultimate stress f u at which a centrically loaded column fails in compression is estimated using formula :
where λ = slenderness (ratio of the buckling length over the radius of gyration).
Statistical evaluation of the model uncertainty. To illustrate the statistical evaluation of experimental data, test results published in [9] For each experiment the model resistance is assessed from Eq. (2) and the model uncertainty is evaluated from Eq. (1). Statistical characteristics of θ, estimated using the EN 1990 procedure, are:
mean value: μ = 1.34; coefficient of variation: V = 0.11. (3) A lognormal distribution is considered in accordance with [1] . Apparently the model is highly biased (conservative), but the coefficient of variation is reasonably low.
To verify influence of basic variables (here only the slenderness ratio) on the model uncertainty, a simple sensitivity analysis is conducted for the present database. Trends in θ with a basic variable are assessed using:
-The correlation coefficient ρ (correlation between θ and λ), and -The coefficient of determination R 2 , a measure of the linear relationship between θ and λ [10] . A combination of strong ρ (say, |ρ| > 0.5) and strong R 2 (say, R 2 > 0.6) indicates a significant linear relationship between θ and λ whereas strong correlation with relatively weak R 2 suggests a non-linear relationship. In this case ρ = 0.42 indicates a weak to moderate correlation for linear regression while and R 2 = 0.17 suggests a poor plausibility of the linear regression. Fig. 2 shows variation of the model uncertainty with the slenderness ratio. The model uncertainty increases with an increasing slenderness ratio and its differentiation with respect to λ could be proposed. The model in Eq. (2) clearly overestimates effect of the slenderness ratio.
Influence of the measurement error. The above model for θ is based solely on the experimental data. The following comments regarding the available database are made:
-Available experimental data are not supplemented by sufficient information on test conditions (see Fig. 1 and Table 1) ; uncertainties due to description of input data may concern measurement errors affecting estimation of the slenderness ratio, -Effects of actual structural conditions are unknown and not included, -Computational options ( Fig. 1 and Table 1 ) seem to be irrelevant since simple structural members are considered.
The assessment of the measurement error of tests made more than hundred years ago is a difficult task. In this study it is simply estimated on the basis of knowledge of measurement errors related to similar testing procedures. The following coefficients of variation of measurement errors V ε were identified from various interlaboratory comparisons (obtained from the authors' Institute): All the methods are assumed to be unbiased. As a conservative model for testing of iron columns, the measurement error is assumed to have a normal distribution with the unity mean value and V ε = 0.05. The model uncertainty accounting for the measurement error is then obtained as:
with the following statistical characteristics:
μ Θ ≈ μ ε μ θ = 1.34 MPa, V Θ ≈ √(V ε 2 + V θ 2 + V ε 2 V θ 2 ) = 0.12 (5) Fig. 3 shows probability density functions (PDF) of the model uncertainties with and without the measurement errors.
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Concluding Remarks
Description of uncertainties related to resistance and load effect models can be a crucial problem of reliability analyses. The present paper focused on the uncertainties in resistance models of historic iron columns reveals that:
1) The model uncertainty should be related to test uncertainties, to actual structural conditions and computational model under consideration.
2) In common cases actual resistance can be estimated as a product of the model uncertainty and resistance obtained by the model.
3) Uncertainties related to a simple Rankine-Gordon formula can be described by a lognormal distribution having the mean value of 1.35 and coefficient of variation of 0.12.
